INTRODUCTION
Enteropathogenic Escherichia coli (EPEC) is a major cause of infantile diarrhoea in developing countries (Chen & Frankel, 2005; Nataro & Kaper, 1998) . It colonizes the small intestine, producing a characteristic histopathology referred to as the attaching and effacing (A/E) lesion, which is defined by the localized effacement of host cell microvilli, intimate attachment of the bacterium to the enterocyte plasma membrane and the accumulation of polymerized actin, which leads to the formation of pedestal-like structures beneath adherent bacteria (Chen & Frankel, 2005; Knutton et al., 1987; Moon et al., 1983; Rosenshine et al., 1996) .
All the factors needed for the development of the A/E phenotype are encoded within a chromosomal pathogenicity island called the locus of enterocyte effacement (LEE) McDaniel & Kaper, 1997) . The locus contains 41 genes organized in five major polycistronic operons (LEE1-LEE5) and several smaller transcriptional units, which are positively regulated by Ler, encoded by the first gene of the LEE1 operon (Bustamante et al., 2001; Mellies et al., 2007) .
The LEE also encodes a type III secretion system (T3SS) , proteins essential for intimate adherence (Tir and intimin) (Kenny et al., 1997b) , translocated effectors that subvert host cellular processes, and chaperones (Clarke et al., 2003; Chen & Frankel, 2005; Dean & Kenny, 2009 ). Other closely related bacteria that produce A/E lesions, including enterohaemorrhagic E. coli (EHEC) and the mouse pathogen Citrobacter rodentium, also carry the LEE (Deng et al., 2004; McDaniel et al., 1995) .
T3SSs are used by many Gram-negative pathogens to deliver effector proteins directly into eukaryotic cells (Cornelis, 2006; Hueck, 1998) . The virulence-associated T3SS, also known as the 'injectisome', is a macromolecular structure that traverses the bacterial membranes and periplasmic space. More than 20 different proteins assemble into a syringe-like structure consisting of a needle complex and a translocon (Blocker et al., 2001; Kubori et al., 1998; Mueller et al., 2005 Mueller et al., , 2008 . The needle complex shares a structural resemblance with the flagellum basal body, and a high degree of sequence similarity exists between eight proteins of their secretion apparatuses (Blocker et al., 2003; Cornelis, 2006) . The T3SS in EPEC is composed of proteins distributed among all cell envelope compartments (Sekiya et al., 2001) . The cylindrical basal structure consists of two sets of membrane ring complexes joined by a periplasmic central rod (Ogino et al., 2006) . EscC is associated with the outer membrane and is a member of the secretin pore-forming family of proteins Genin & Boucher, 1994) , whereas the lipoprotein EscJ oligomerizes to form a ring predicted to be associated to the outer leaflet of the inner membrane . The EscD protein is also predicted to form a ring-like structure in the inner membrane, and EscI is believed to form the inner rod (Pallen et al., 2005) . In addition, several integral and associated inner-membrane proteins are predicted to form the export apparatus essential for protein secretion (Cornelis, 2006; Trevor et al., 2007) . Among these, the highly conserved ATPase EscN serves to energize the secretion process and may provide a docking interface for chaperone-effector complexes (Andrade et al., 2007; Thomas et al., 2005; Zarivach et al., 2007) .
The extracellular portion of this nanomachine is formed by a needle structure polymerized from EscF subunits (Sekiya et al., 2001) . Furthermore, the injectisome in EPEC and other A/E pathogens is unique in that it has a filamentous extension, called the EspA filament, which extends from the needle and provides a hollow conduit for protein translocation (Daniell et al., 2001; Knutton et al., 1998; Sekiya et al., 2001) . EspB and EspD are secreted by the T3SS and form a translocation pore in the host cell membrane (Ide et al., 2001) .
Injectisome assembly is a highly regulated process that occurs via both Sec-dependent and Sec-independent pathways (Galán & Wolf-Watz, 2006; Hueck, 1998) . During its biosynthesis, the T3SS has to traverse the physical barrier imposed by the peptidoglycan (PG). To accomplish this task, PG-lytic enzymes are employed (Dijkstra & Keck, 1996; Koraimann, 2003) . Among these, specialized lytic transglycosylases (LTs) that specifically cleave the b-1,4 glycosidic bond between N-acetylmuramic acid and Nacetylglucosamine residues of PG with concomitant formation of 1,6-anhydromuramic acid residues have been implicated in facilitating the assembly of pili, flagella and secretion systems (Bayer et al., 2001; de la Mora et al., 2007; Kohler et al., 2007; Koraimann, 2003; Nambu et al., 1999; Oh et al., 2007; Viollier & Shapiro, 2003; Zahrl et al., 2005; Zupan et al., 2007) .
As a result of a bioinformatics analysis of the LEE, the product of the rorf3 gene was predicted to be an LT and was renamed as EtgA for E. coli transglycosylase (Pallen et al., 2005) . In this work we hypothesized that EtgA could be required for local rearrangements in the PG, enlarging gaps to allow the assembly of the envelope-spanning T3SS. We show that EtgA is a PG-degrading enzyme required for efficient type III protein secretion in EPEC.
METHODS
Bacterial strains, plasmids, oligonucleotides and growth conditions. The bacterial strains, plasmids and oligonucleotides used in this study are shown in Table 1 . Bacteria were grown in either LuriaBertani (LB) broth (Sambrook & Russell, 2001) Plasmid construction and site-directed mutagenesis. The etgA gene was PCR-amplified from chromosomal DNA of wild-type EPEC strain E2348/69, using primers etgAFw and etgARv. The PCR product was double-digested with NdeI and BamHI and cloned into the pET19b expression vector, which allows production of an Nterminally polyhistidine-tagged protein, to generate plasmid pEEetgA. A truncated version of etgA lacking its signal sequence (etgAns) was constructed in the same manner with the primer pair etgAnsFw and etgARv, to yield plasmid pEEetgAns. Constructs in pET19b were used for gene subcloning into NdeI-and BamHIdigested pTrc99AFF4, to generate plasmids pNTetgA and pNTetgAns, and into NcoI-and BamHI-digested pTrc99A, to generate plasmid pETHetgA. For complementation assays, etgA was subcloned as an NdeI/BamHI fragment into vector pET3a to yield pEE3aetgA. To produce an N-terminally maltose binding protein (MBP)-tagged EtgA, etgA was PCR-amplified with primers etgABFw and etgAHRv and cloned into pMALc2Xa as a BamHI/HindIII fragment, generating plasmid pNLetgAnsB.
Site-directed mutagenesis was done using the QuikChange protocol (Stratagene) with the mutagenic oligonucleotides etgAGluAFw and etgAGluARv. The desired point mutation was confirmed by DNA sequencing of plasmids pEEetgAE42A and pEEetgAnsE42A. Plasmid pNTetgAE42A was generated by subcloning from pEEetgAE42A into NdeI/BamHI-digested pTrc99AFF4.
Construction of etgA null mutants. An in-frame deletion of etgA was generated using the l Red recombinase one-step inactivation system (Datsenko & Wanner, 2000) . Plasmid pKD13 was used as the kanamycin-resistance cassette DNA template for PCR amplification with oligonucleotides deletgA13Fw and deletgA13Rv, which generated a non-polar deletion of etgA codons 41-131. The PCR product containing the kanamycin-resistance cassette was introduced by electroporation into EPEC E2348/69 or JPEP30 strains harbouring plasmid pKD46. Mutant strains DetgA and DetgAEAF2 were selected on LB agar plates supplemented with kanamycin. The allelic replacement of etgA was verified by PCR using different combinations Zymogram analysis. Zymogram gels for the determination of PGdegrading activity were performed as described elsewhere, with minor modifications (Bernadsky et al., 1994; Zahrl et al., 2005) . Lyophilized Micrococcus lysodeikticus cells (Sigma) were incorporated to a final concentration of 0.2 % (w/v) into 15 % (w/v) polyacrylamide gels containing 0.02 % (w/v) SDS. Following electrophoresis, proteins were allowed to renature by incubating the gels with 25 mM potassium phosphate buffer, pH 5.2, containing 0.1 % (v/v) Triton X-100 for 48 h at 4 uC with several buffer changes. PG cleavage was visualized after staining of gels with 0.1 % (w/v) methylene blue/ 0.01 % (w/v) KOH for 60 min and destaining with distilled water.
Detection of EtgA in EPEC.
To detect the different EtgA variants in cell lysates of EPEC wild-type, DescN and JPEP24 (Dler) strains, overnight cultures in LB carrying the corresponding plasmids were subcultured 1 : 50 in 50 ml DMEM and grown until the cell density reached OD 600 0.6. Cells were induced with 1 mM IPTG and 1.5 ml samples were collected at different time points after induction. Bacterial cells were centrifuged at 16 100 g for 5 min and EtgA was detected in whole-cell lysates by immunoblotting using anti-EtgA antibodies.
Isolation of EPEC periplasmic fraction. Bacterial cell fractionation was performed according to a published procedure, with slight modifications . Briefly, overnight cultures of EPEC carrying plasmid pNTetgAns or pNTetgAE42A were subcultured 1 : 50 in 100 ml DMEM and grown to OD 600 0.6. Cells were induced with 0.1 mM IPTG and growth was continued for 1 h, at which time a 1.5 ml aliquot was taken for whole-cell lysate analysis. The cultures were harvested, washed in PBS and resuspended in 1 ml of an osmotic shock solution consisting of 50 mM Tris-HCl, pH 7.0, 20 % (w/v) sucrose and 1 mM PMSF, followed by incubation with 2 mM EDTA for 10 min at room temperature. The periplasmic fraction was obtained in the supernatant after centrifugation at 8000 g for 10 min at 4 uC. Periplasmic proteins were analysed by Western blotting with anti-EtgA and anti-MBP antibodies. The isolated fraction was analysed with anti-DnaK, anti-CesT and anti-SepL antibodies as purity indicators.
EtgA overproduction in EPEC. To evaluate the effect of EtgA overexpression on bacterial growth, EPEC E2348/69 harbouring wildtype and mutated versions of etgA expressed from pTrc99A-based vectors was subcultured 1 : 50 in 30 ml DMEM and grown to OD 600 0.2. At this point, 1 mM IPTG was added and growth was continued for 6 h. Aliquots of the culture were taken every hour to determine OD 600 and c.f.u. ml
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. Furthermore, to analyse proteins released to the supernatant, EPEC containing different etgA variants was grown in 8 ml DMEM until the cell density reached OD 600 0.2. Following induction with 1 mM IPTG, growth was continued for 4 h. Cells were On: Sat, 20 Apr 2019 04:45:09 centrifuged and the supernatant was analysed as described below for the type III protein secretion assay.
Type III protein secretion assay. EPEC protein secretion assays were performed as described by Kenny et al. (1997a) , with modifications. A 160 ml volume of an overnight EPEC culture (grown in LB with shaking) was inoculated into 8 ml DMEM. Growth was continued as a standing culture (or with orbital shaking at 37 uC for strain JPEP30) to OD 600 0.6. The culture was harvested by centrifugation at 16 100 g for 5 min and the resulting pellet was resuspended in 200 ml 16 SDS-PAGE sample buffer. The supernatant proteins were precipitated by the addition of TCA (10 %, v/v), incubated at 4 uC for 12 h and centrifuged at 16 100 g for 30 min. The pellet was air-dried and resuspended in 40 ml 26 SDS-PAGE sample buffer containing 10 % (v/v) saturated Tris base. The protein concentration of the different cultures was normalized to the OD 600 value. Secreted proteins were analysed by SDS-PAGE and immunoblotting.
Haemolysis assay. Red blood cells (RBCs) were obtained from EDTA-treated human blood and washed three times in 0.9 % (w/v) NaCl. The quantification of haemolysis was performed as described elsewhere, with some modifications (Ide et al., 2001; Warawa et al., 1999) . EPEC strains were grown in DMEM until the cell density reached OD 600 0.4, and 0.5 ml culture was added to 0.5 ml of a 4 % (v/v) RBC/DMEM solution and centrifuged at 2500 g for 1 min. After 4 h of incubation the bacteria/RBC suspension was gently resuspended. Cells were centrifuged at 12 000 g for 1 min, and the release of haemoglobin into the supernatant was monitored by measuring the A 450 . Uninfected and DescN-infected RBCs were used as controls for basal haemolysis. The lysis obtained with wild-type EPEC was regarded as complete haemolysis. Assays were performed in triplicate.
EspA filament isolation. Total extracellular EspA protein was prepared from EPEC strains by methods similar to those described by Daniell et al. (2003) . Overnight cultures of EPEC wild-type, DetgA and DescN strains were subcultured 1 : 50 in 150 ml DMEM and grown at 37 uC with gentle agitation to OD 600 0.7. Bacteria were harvested by centrifugation (7600 g for 5 min) and resuspended in 20 ml of 20 mM Tris-HCl, pH 7.5. The filaments were sheared by vigorous vortexing for 3 min. Bacterial cells were pelleted by two centrifugation steps at 38 000 g for 20 min, and the supernatant was further centrifuged at 160 000 g for 60 min. The resulting pellet was resuspended in 50 ml of 20 mM Tris-HCl, pH 7.5. The protein concentration of the different cultures was normalized to the OD 600 value, and analysed by SDS-PAGE and immunoblotting with antiEspA antibodies.
RESULTS

EtgA is an LT homologue
The etgA gene (previously rorf3) is encoded in the LEE pathogenicity island as a single transcriptional unit between the LEE1 and grlRA operons (Fig. 1a) (Mellies et al., 1999) . etgA encodes a 152 aa protein with a deduced molecular mass of 17.1 kDa. Amino acid sequence alignment showed that EtgA is highly similar to the wellcharacterized soluble LT domain of Slt70 of E. coli, as well as to PG LTs associated with different transport systems (Fig. 1b) . Highly conserved residues are included within the Pfam SLT domain (PF01464), which also contains a catalytic and invariant glutamate residue (E42 in EtgA) that is believed to be important for the architecture of the LT active site and the reaction mechanism (Scheurwater et al., 2008; Thunnissen et al., 1994; van Asselt et al., 2000) . According to the PG LT classification, EtgA belongs to superfamily 1, based on the presence of three conserved sequence motifs: ES-GLMQ-AYNAG (Fig. 1b) (Blackburn & Clarke, 2001; Koraimann, 2003) . Alignment of all members of the SLT family (http://pfam.sanger.ac.uk) showed the glutamate, glutamine and tyrosine to be the most conserved residues among these consensus motifs (data not shown). EtgA orthologues are encoded in the LEE pathogenicity island of other members of the A/E family of bacterial pathogens, such as EHEC and C. rodentium; however, in no case has their enzymic function been demonstrated. Here we pursued the functional characterization of EtgA from EPEC.
PG-degrading activity of EtgA
Sequence analysis of EtgA predicts an N-terminal signal sequence with a potential cleavage site between residues 17 and 18 (SignalP version 3.0) (Bendtsen et al., 2004) , suggesting that its transport to the periplasm is Secdependent. For protein purification, the genes encoding full-length EtgA and a truncated version without its signal sequence (EtgAns) were cloned into pET19b for expression of recombinant proteins with an N-terminal decahistidine tag. Full-length His-EtgA formed inclusion bodies and remained in the insoluble fraction (Fig. 2a) . However, some of the His-EtgAns produced could be recovered in the soluble fraction of the cell lysate and was further used for affinity purification (Fig. 2a) . His-EtgAns was purified to homogeneity under native conditions on a nickelaffinity column, yielding 600-900 mg pure protein from 500 ml culture (Fig. 2b) . The purified protein with a predicted molecular mass of 17.8 kDa was used for polyclonal antibody production.
In order to assess the enzymic activity of His-EtgAns we performed zymogram analysis (Bernadsky et al., 1994; Zahrl et al., 2005) . The recombinant His-EtgAns protein produced a band of clearing at the expected position, indicating PG-degrading activity (Fig. 2c) . Unrelated proteins such as flagellin (FliC) and BSA were used as negative controls. In addition, the His-tagged T3SS proteins EspB and EscN were used as negative controls, and no gel clearing was detected (data not shown). A purified MBP-EtgA version was also found to have muramidase activity (Supplementary Fig. S1 ).
EtgA is localized in the periplasm
Proteins secreted via the Sec-dependent general secretory pathway have their signal peptides removed by peptidases during translocation across the cytoplasmic membrane (Pugsley, 1993) . To investigate whether the predicted transport of EtgA to the periplasm yielded a processed form of the protein, different etgA versions were overexpressed in an EPEC wild-type strain, and cell lysates were Enteropathogenic Escherichia coli EtgA analysed using anti-EtgA antibodies. Overproduction of full-length EtgA generated two forms of the protein, the unprocessed EtgA protein (17.1 kDa) and the cleaved version lacking the signal sequence EtgAns (15.2 kDa) (Fig.  3a) . This result suggests that EtgA is directed to the Sec machinery and processed during its translocation across the cytoplasmic membrane. On the other hand, as expected for a protein that is unable to be transported to the periplasm, EtgAns was not processed and appeared to be unstable in the cytoplasm, since it could not be detected after 6 h (Fig. 3a) . Notably, the same form of the protein remained stable at 6 h and for up to 24 h when processed in the periplasm (Fig. 3a, upper panel and data not shown) . Similarly, production of His-EtgA gave rise only to the unprocessed form (19.6 kDa), suggesting that the recombinant version is not recognized by the Sec translocase and that it is not transported to the periplasm (Fig. 3a) . In agreement with this, analysis of His-EtgA using SignalP does not predict a signal peptide. Next, to further study EtgA transport, we used EPEC mutants that were unable to secrete or produce T3S proteins, i.e. a DescN strain deficient in the ATPase and a Dler strain lacking the key regulator for expression of the LEE. As seen in the lower panels of Fig. 3(a) , the processing of EtgA was not altered in escN and ler mutants. These results further demonstrate that transport and periplasmic processing of EtgA are independent of the T3SS.
In addition, to directly determine the periplasmic localization of EtgA, we carried out cell fractionation. An EtgA derivative with an alanine replacing the catalytic glutamate E42 was used for this experiment in order to avoid cell lysis (see below). Periplasmic extracts were prepared from an EPEC wild-type strain producing EtgAE42A, and EtgAns without the signal peptide. The results showed that EtgAE42A fractionates with the periplasm, while the version lacking the signal sequence does not (Fig. 3b) . DnaK and MBP served as cytoplasmic and periplasmic markers, respectively . As additional controls we used the type III proteins CesT and SepL, which have been shown to be associated with the bacterial inner membrane (Thomas et al., 2005; Wang et al., 2008) . Other proteins used for the alignment are IagB (T3SS of S. enterica serovar Typhi; P43018), IpgF (T3SS of Shigella flexneri; Q07568), PilT (type IV pilus of E. coli; O07378), P19 (conjugative F-like plasmid R1-16 of E. coli; P17738) and VirB1 (T4SS of Agrobacterium tumefaciens; P17791). Identical residues are shown with a black background and conserved residues with a grey background. The consensus motifs (ES-GLMQ-AYNAG) are underlined. The catalytic glutamate is indicated with an asterisk.
The predicted catalytic glutamate 42 is required for EtgA muramidase activity, growth inhibition and cell lysis
The invariant glutamate residue of the LT family is thought to function as the catalytic acid/base needed to cleave the glycosidic bond (Thunnissen et al., 1994) . In order to further examine the function of EtgA as a putative PG transglycosylase, a point mutation was made, changing glutamic acid 42 to alanine (EtgAE42A). A cleared zone in a zymogram gel was detected for purified His-EtgAns but not for His-EtgAnsE42A (Fig. 4a) , indicating that the glutamate at position 42 is essential for PG-degrading activity.
To investigate whether overproduction of EtgA affects cell growth, EPEC cells transformed with different variant etgA alleles were analysed for growth in liquid culture. All constructs were found to produce stable protein, although EtgAns was only stable for 3 h after IPTG induction (data not shown; Fig. 3a) . Growth in liquid cultures was monitored by following the OD 600 and bacterial viability was estimated by determining c.f.u. ml
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. In agreement with our previous results, protein not transported to the periplasm or unable to degrade PG had no effect on EPEC growth, whereas overproduction of native EtgA inhibited growth (Fig. 4b) . This suggests that expression of EtgA causes periplasmic stress and bacterial cell death. In this regard, the EPEC wild-type strain harbouring pTrc99A reached 4.4610 9 c.f.u. ml
, while the viable counts for the strain expressing plasmid pNTetgA dropped to 7.8610 8 c.f.u. ml
. These results show a loss of cell viability of 10-fold after 6 h of induction. Even though we did not observe extensive lysis, as would be indicated by a decline in optical density, when aliquots of the cell cultures were analysed for secreted proteins, cell lysis was apparent, since multiple proteins were released to the supernatant of the culture that expressed EtgA (data not shown; see below). In contrast to EtgA, no such detrimental effect on cell growth was observed in the case of EtgAE42A, which had a growth rate identical to that of the EPEC strain harbouring the empty vector control (Fig. 4b) . This result further indicates that the E42 is essential for the toxicity of EtgA when expressed in EPEC.
Additionally, we evaluated type III protein secretion in a wild-type EPEC strain expressing the pTrc99A-based etgA variants. Type III secretion (T3S) was determined by the presence of the translocator proteins EspA, EspB and EspD and the effector Tir in culture supernatants (Fig. 4c, upper  panels) . Likewise, protein expression was visualized by Western blotting of whole-cell extracts (Fig. 4c, lower  panel) . Consistent with our earlier observations, a secretion profile identical to that of the wild-type strain was obtained with the empty vector, EtgAns (unable to get to the periplasm) and EtgAE42A (an inactive enzyme). However, expression of EtgA induced a specific lysis phenotype, as confirmed by the immunodetection of the cytoplasmic proteins DnaK and CesT in the culture supernatant ( Fig.   Fig. 2 . Immunodetection, purification and PG-degrading activity of His-EtgAns. (a) Analysis of soluble (S) and insoluble (I) fractions of cell lysates of E. coli BDP induced cultures containing plasmids pEEetgA or pEEetgAns. His-EtgA and His-EtgAns recombinant proteins were detected with anti-His and anti-EtgA antibodies. (b) Purification of His-EtgAns by nickel affinity chromatography. Purified protein was obtained after elution with 300 mM imidazole. Protein samples were resolved by 15 % (w/v) SDS-PAGE and stained with Coomassie brilliant blue (CBB). (c) Muramidase activity of His-EtgAns on a zymogram gel. The purified proteins were separated in an SDS-polyacrylamide gel containing M. lysodeikticus cells that was treated as described in Methods. Flagellin (FliC) and BSA were used as negative controls. Coomassie, SDS-PAGE stained with CBB; Zymogram, PGsubstrate gel stained with methylene blue; non-stained zones indicate PG degradation. Molecular mass markers are shown to the left.
Enteropathogenic Escherichia coli EtgA 4c, centre panel). Intriguingly, the secreted proteins Tir and EspB were not detected in the supernatant or in whole cells of the culture expressing EtgA. This could be due to either proteolysis or inhibition of gene expression (see Discussion). In this regard, the stability of Tir and EspB and the chaperones CesT and CesD2 was evaluated at different time points after the expression of EtgA (Supplementary Fig. S2 ). The results showed that Tir and EspB are produced and stable until the cells are lysed, whereas the chaperones remain stable even upon cell lysis ( Supplementary Fig. S2 ). Some lysis could also be seen when expressing EtgAE42A, as evidenced by the identification of a small amount of the abundant protein DnaK in the supernatant (Fig. 4c, centre panel) . Nevertheless, the results clearly show that the main lysis activity is due to the peptidoglycanase activity of a functional EtgA. Cell lysis was also observed when EtgA was expressed in EPEC DescN and Dler mutant strains (data not shown), indicating that the disruption of bacterial cell integrity by EtgA is independent of the T3SS. Overproduced EtgA was detected with anti-EtgA antibodies, except for EtgAns, which was no longer stable after 4 h of induction. The native EtgA protein in wild-type EPEC was not detected by our antiEtgA antibody, which could be due to a low quantity of EtgA in EPEC (Fig. 4c, lower panel) .
EtgA is required for efficient T3S
To study the requirement of the PG lytic activity of EtgA for protein secretion through the T3SS we constructed a non-polar deletion of etgA, creating mutant strain DetgA (Table 1 ). The wild-type, DetgA and DescN strains were grown in liquid culture, and showed nearly identical growth curves (data not shown). Proteins secreted to the supernatant were recovered and analysed by SDS-PAGE and immunoblotting. As shown in Fig. 5(a) , wild-type EPEC generated a typical type III-dependent secretion profile of the translocator proteins EspA, EspB and EspD, and the effectors Tir and EspF, while the DescN mutant strain completely lost secretion competence (EspC is an autotransporter protein). Mutational inactivation of etgA resulted in a twofold decrease in protein secretion compared with the wild-type strain, as also determined by densitometric analysis (Fig. 5b) . Expression of LEEencoded proteins was not affected in the DetgA strain, as revealed by immunoblotting of whole-cell extracts (Fig. 5a , lower panel). DnaK was used as a loading control. For complementation experiments of the DetgA mutant strain, etgA was cloned into vector pET3a, which has low expression in the absence of T7 polymerase, to overcome the problem of cell lysis when etgA is overexpressed from the pTrc99A vector even in the absence of IPTG ( Fig. 4c ; data not shown). The mutant strain recovered its full secretion capacity when plasmid pEE3aetgA was introduced (Fig. 5a, b) . These results indicate that EtgA is not essential for T3S but makes the process more efficient.
An EPEC DetgA mutant strain displays reduced T3S-dependent haemolytic activity It has been reported that EPEC is capable of inducing T3S-dependent haemolysis in erythrocytes (Ide et al., 2001; Warawa et al., 1999) . To evaluate the contribution of EtgA to the EPEC-induced haemolysis, we incubated wild-type EPEC and the mutant strains DetgA and DescN with RBCs. The DetgA mutant strain retained only 60 % of the haemolytic activity of wild-type EPEC, whereas no significant haemolysis was observed with the secretiondeficient strain DescN when compared with RBCs alone (Fig. 6a ; data not shown). Haemolysis was restored to wildtype levels when plasmid pEE3aetgA was introduced (Fig.  6a) . These results show that assembled injectisomes are functional, allowing T3S, bacterial attachment via EspA filaments and formation of the translocation pore, and suggest that a lower number of injectisomes is expressed in the DetgA strain. To gain further insight into EspA filamentation we performed mechanical shearing of EPEC wild-type and DetgA injectisomes. The results showed a consistent and reproducible decrease in the amount of recovered EspA filaments in the DetgA mutant (Fig. 6b) .
The DescN mutant was used as a negative control. Assuming that in the DetgA strain, once a nascent injectisome is able to penetrate the cell wall barrier its assembly proceeds as in the wild-type strain, this result suggests the existence of fewer fully assembled injectisomes in the DetgA mutant. on wild-type EPEC growth. EPEC containing empty pTrc99AFF4 was used as a control (X). EPEC cells harbouring different etgA variants were induced with 1 mM IPTG and growth was allowed to proceed for a further 6 h. OD 600 was measured every hour during incubation, and aliquots were taken and plated to determine c.f.u. at different times. (c) Analysis of proteins precipitated from supernatants of wild-type EPEC cultures overproducing EtgA, EtgAE42A and EtgAns. Secreted proteins were analysed by CBB-stained SDS-PAGE (upper panel) and immunoblotting (lower panels). EtgA-mediated lysis of EPEC requires the signal sequence and a functional enzyme. Immunodetection of secreted proteins (S) was performed with antiDnaK, anti-CesT, anti-Tir and anti-EspB antibodies, and of whole-cell extracts (P) with anti-DnaK, anti-CesT, anti-Tir, anti-EspB and anti-EtgA antibodies. Molecular mass markers are shown to the left.
protein that could be responsible for the observed DetgA phenotype.
BfpH is an LT homologue encoded in the EPEC adherence factor (EAF) plasmid, which contains genes involved in the initial adherence of cells via a type IV pilus named the bundle-forming pilus (BFP) (Giró n et al., 1991) , as well as the LEE transcriptional regulator PerC, which links the expression of BFP with the expression of the LEE (Bustamante et al., 2001; Gó mez-Duarte & Kaper, 1995; Porter et al., 2004) . BfpH is a 16.4 kDa protein that has 30 % identity and 49 % similarity to EtgA, including the highly conserved amino acid residues within the consensus motifs (Fig. 7a) . It also has a predicted signal sequence for transport to the periplasm. However, it has been reported that BfpH is not required for BFP biogenesis and that a bfpH mutant strain is able to adhere to HEp-2 cells in the same manner as wild-type EPEC, although there is a significant reduction in the ability of the bfpH mutant to autoaggregate (Anantha et al., 2000) . Hence, it has been suggested that the LEE-encoded LT could functionally replace BfpH (Anantha et al., 2000; Koraimann, 2003) .
To investigate the possibility that BfpH was substituting for EtgA, we constructed an etgA non-polar deletion in the JPEP30 plasmid-cured strain background, generating mutant strain DetgAEAF2 (Table 1) . EPEC strain JPEP30 and its derivative DetgAEAF2 were grown in liquid cultures under shaking conditions, given that the EAF plasmid-cured strain is unable to secrete LEE-encoded proteins under static growth conditions (Kenny & Finlay, 1995) . Analysis of the profile of secreted proteins in these strains revealed that the etgA disruption produced the same phenotype in the EAF plasmid-minus strain as in wild-type EPEC, i.e. DetgAEAF2 only showed a reduction in its secretion capability (Fig. 7b) . The secretion defect could be complemented by introducing plasmid pEE3aetgA into the DetgAEAF2 mutant strain (Fig. 7b) . Expression of LEEencoded proteins was not affected in strain DetgAEAF2, as seen by immunodetection of whole-cell extracts. These findings indicate that BfpH does not rescue the EtgA defect.
DISCUSSION
In the present study, we show for what is believed to be the first time for any member of the A/E family of enteropathogens that EtgA is indeed capable of degrading PG in vitro. To better understand the role of the muramidase activity during T3S in EPEC we characterized this enzyme, its catalytically inactive variant and its deletion phenotype.
The bacterial cell wall constitutes a barrier to the assembly of transenvelope structures. Accordingly, the so-called specialized LTs are associated with diverse secretion systems, the flagellum, different types of pili and bacteriophages (Dijkstra & Keck, 1996; Koraimann, 2003) . To exert their functions, specialized LTs must be and DescN strains visualized by CBB-stained SDS-PAGE. The DetgA strain was complemented by a plasmid producing EtgA to almost wild-type levels. Immunodetection of secreted proteins (S) was performed with anti-Tir and anti-EspF antibodies, and of whole-cell lysates (P) with anti-Tir, anti-EspB, anti-EspA, anti-EspF and anti-DnaK antibodies. (b) Densitometric analysis of the secreted proteins in (a). The amount of secreted EspC, EspB and EspA was analysed by SDS-PAGE using the Alpha DigiDoc RT system and software (Alpha Innotech). The EspC protein is not secreted through the T3SS. The results are the mean of three independent experiments; error bars, SD. Significant differences compared with the wild-type strain are marked with asterisks. **, P,0.002; *, P,0.02, as determined by Student's t test.
in contact with the murein layer. There are two different export mechanisms used by LTs associated with type III flagellar and virulence systems. The Salmonella enterica flagellar muramidase FlgJ and the HrpH LT from the plant pathogen Pseudomonas syringae are T3SS substrates (Nambu et al., 1999; Oh et al., 2007) , whereas the LTs IpgF of Shigella sonnei and IagB of S. enterica have a putative cleavable signal peptide for recognition by the general secretion pathway (SignalP 3.0) (Zahrl et al., 2005) . EtgA possesses a signal sequence that we experimentally determined to be processed so that the protein has a periplasmic localization. It has been reported that the correct localization of the EPEC secretin EscC in the outer membrane depends not only on the Sec pathway but also on components of the T3S apparatus ). Here we demonstrate that the localization of EtgA does not depend on any T3SS protein, since its periplasmic processing happens both in the presence of the T3SS Sec-dependent components alone (in the DescN mutant strain) and in the absence of the whole injectisome (in the Dler mutant strain) (Fig. 3) . Moreover, we found that EtgAns, which is unable to reach the periplasm, is not stable in the cytoplasm. This is in accordance with an earlier suggestion that LTs are unstable or misfolded in the cytoplasm unless they are transported to the periplasm by the Sec machinery (Zahrl et al., 2005) . It is of interest, however, that the His-tag fused with the signal sequence conferred greater stability, so that His-EtgA could be detected in the cytoplasm even after 24 h. This could be due to a reduced protease sensitivity of this EtgA variant, as has been suggested for P19-His (Bayer et al., 2001) .
Earlier bioinformatics analysis and our observations ( Fig.  1) suggested that EtgA might be a specialized LT associated with the T3SS in EPEC (Koraimann, 2003; Pallen et al., 2005) . Despite this, there was no prior experimental evidence to confirm this prediction. We used zymogram analysis to demonstrate that soluble purified His-EtgAns has peptidoglycanase activity in vitro (Fig. 2) . This method has been extensively used in the past for the detection of PG degradation (Bernadsky et al., 1994; Nambu et al., 1999; Zahrl et al., 2005) . Furthermore, we showed that the predicted catalytic glutamate is essential for EtgA PG-lytic activity in vitro and in vivo (Fig. 4) . In agreement with our results, mutations changing this active site residue in various LTs, such as the E44 in P19 (Bayer et al., 2001) , E42 in IpgF (Zahrl et al., 2005) and E48 in AtlA (Kohler et al., 2007) , result in a complete loss of activity.
LTs are considered to be autolysins, since they can cause complete cellular lysis if their activity is uncontrolled (Scheurwater et al., 2008) . Indeed, overproduction of EtgA in EPEC caused cell lysis accompanied by a considerable loss of bacterial viability: only 18 % of the cells remained viable, while none of the EtgA variants (the inactive protein or the ones unable to get to the periplasm) had this effect. When analysing bacterial growth curves, EtgA appeared to inhibit growth without causing extensive lysis (Fig. 4) . However, when proteins were precipitated from the supernatant, bacterial extrusion of intracellular material was evident. Similar results of growth inhibition without obvious massive lysis have been obtained with expression of the primary specialized LT HrpH from P. syringae (Oh et al., 2007) and the LT gp144 from the Pseudomonas aeruginosa phage QKZ (Paradis-Bleau et al., 2007) . In the case of the P19 LT, it has been noticed that the lysis seems to be quite distinct from other severe large disruption phenotypes and that only small lesions are generated, indicating a localized opening in the PG layer (Bayer et al., 2001) . During our T3S assays, the lytic activity of EtgA was revealed by the presence of DnaK and CesT in the supernatant (Fig. 4) . When EPEC lysis occurred, Tir and Enteropathogenic Escherichia coli EtgA EspB could not be detected in whole-cell extracts or in the supernatant ( Fig. 4c and Supplementary Fig. S2 ). This could be due to proteolysis of these effectors when they enter into contact with periplasmic proteases, whereas the chaperones CesT and CesD2 would have reduced sensitivity to proteases, as has been reported for the needle protein chaperones in Yersinia (Davis et al., 2010) . Additionally, in the remaining proportion of non-lysed cells, it is likely that an active muramidase in the periplasm will be generating substantial stress as well as affecting T3SS assembly, particularly of proteins predicted to have periplasmic domains, such as EscJ, EscD and EscC, and therefore of the entire injectisome. This is supported by the finding that orthologous protein-PG interactions are critical for correct assembly of the T3SS in Salmonella (Pucciarelli & García-del Portillo, 2003) . It has been reported that if the C. rodentium effector NleH is not actively secreted by the T3SS, it is degraded by the Lon protease (García-Angulo et al., 2008) . Thus, a similar post-translational regulatory mechanism could be responsible for the proteolysis of EspB and Tir when PG integrity is affected by expression of EtgA in EPEC. Alternatively, gene expression could be inhibited. It has been demonstrated that cell envelope stress in EPEC activates the Cpx two-component system response, which inhibits the cellular levels of Tir and the translocators EspA, EspB and EspD by causing a decrease in the transcription of the LEE4 and LEE5 operons (MacRitchie et al., 2008) . It is thus possible that overexpression of an active EtgA could be a stress-inducing cue to activate the Cpx pathway. However, we believe that EtgA expression has a low impact on the transcriptional activity of these operons before lysis becomes evident, since the chaperones CesT and CesD2, which remain stable even upon cell lysis ( Fig. 4c and Supplementary Fig. S2 ), are encoded within the same operons as Tir and EspB, respectively.
Maintaining an intact cell wall is essential for bacterial viability. Hence, it is important to regulate LT action. Different mechanisms have been proposed to control the activity of specialized LTs, such as protein interactions with the cognate secretion system (Clarke et al., 2010; Höppner et al., 2005; Scheurwater et al., 2008) . In the case of the LT VirB1 associated with the type IV secretion system (T4SS) of Brucella suis, protein interactions with core components of the secretion system have been identified and a modelling approach has been used to postulate that the enzyme activity is modulated by binding of VirB8, VirB9 or VirB11 close to VirB1 active site residues (Höppner et al., 2005) . Regarding EtgA, only a weak interaction has been reported with EscI (rOrf8) (Creasey et al., 2003) , the protein thought to form the inner rod (Pallen et al., 2005) . Unexpectedly, expression of EtgA generated the same lysis phenotype as that of wildtype EPEC when using the DescN and Dler mutant strains, indicating that the T3SS does not regulate EtgA activity. Nevertheless, it should be considered that under our experimental conditions EtgA is strongly overexpressed, and therefore the possibility of a regulatory mechanism involving physical association with periplasmic injectisome components cannot be excluded.
To evaluate the significance of the PG-lytic activity on T3S, an allelic replacement mutation in etgA was generated. The secretion protein profile of the DetgA deletion strain showed an~50 % reduction in the amount of both effector and translocator type III secreted proteins (Fig. 5) . This indicates that EtgA is not absolutely required for T3SS assembly and secretion. The residual T3SS activity of the mutant may be explained by a limited capacity of the injectisome to penetrate the PG fortuitously even in the complete absence of EtgA, as has been suggested previously for the flagellar muramidases FlgJ and SltF (de la Mora et al., 2007; Hirano et al., 2001) . This can be achieved as the cell wall PG is continuously being turned over and recycled (Park & Uehara, 2008) , so that occasionally gaps can be generated during PG biogenesis and coincide with injectisome assembly, allowing the structure to penetrate the PG barrier. It is then likely that fewer injectisomes per cell are able to be fully assembled, as suggested by the results of shearing EspA filaments (Fig. 6b) . Nevertheless, as shown by our haemolysis results (Fig. 6a) , the injectisomes that are able to traverse the PG layer are functional and completely formed all the way through the EspA filament and translocation pore, since they can lyse RBCs at an extent that is 60 % of the wild-type. Further absent or weak effects of disruptions of specialized LTs in different secretion systems have been observed. A mutant strain with a loss-of-function mutation in iagB exhibits normal needle complexes (Kubori et al., 1998) , whereas a mutation in ipgF has no effect on invasion or pathogenicity (Allaoui et al., 1993) . The same is true for a mutant lacking hrpH, which is reduced in effector translocation and virulence (Oh et al., 2007) , and for the virB1 mutant in the T4SS and the P19 protein participating in DNA transfer during conjugation (Koraimann, 2003) . Given that an adequate animal model does not exist to assess EPEC infections, it is difficult to determine the significance in disease of an LEE gene disruption. However, in an earlier study in C. rodentium in which all the LEE genes were mutagenized, it was shown that an rorf3 (etgA) mutant has attenuated T3S, pedestal formation and virulence in mice (Deng et al., 2004) , indicating that the enzyme is relevant to pathogenicity. In addition, only very recently has it been found that an rorf3 mutant in EHEC also presents a reduced protein secretion phenotype (Yu et al., 2010) . Intriguingly, in spite of the generally moderate effects observed with mutations of LT genes in different secretion systems, these enzymes have been retained during evolution within pathogenicity islands, and are widely distributed among animal and plant bacterial pathogens.
Another possible explanation for the attenuated phenotypes is the observed redundancy of LTs in bacteria (Koraimann, 2003; Zahrl et al., 2005) . In this work we analysed the possibility that a functionally redundant protein could be compensating for the etgA deletion phenotype. A BLAST search of the EPEC genome (FM180568) using the EtgA amino acid sequence revealed the existence of seven chromosomal genes encoding LTs, both membrane-bound and soluble, in accordance with what is known for E. coli (Blackburn & Clarke, 2001) . We also considered the EAF plasmid-encoded EtgA homologue BfpH. Of all these proteins, BfpH showed the highest similarity to EtgA (49 % compared with 32 % for the most similar chromosomal LT), being a small protein with a predicted signal sequence. Moreover, the EPEC localized adherence phenotype that requires the BFP is influenced by environmental conditions similar to those required for A/E lesion formation, and the expression of bfp genes is coregulated with that of LEE genes (Mellies et al., 2007) , suggesting that BfpH and EtgA are produced in a EtgA is directed to the site of nascent injectisome formation through interactions with T3SS components (e.g. EscI, the constituent of the inner rod), where it degrades the cell wall as a result of its muramidase activity (represented by scissors). In this way, EtgA facilitates a temporally and spatially controlled opening of the PG layer, making the injectisome assembly process more efficient. IM, inner membrane; PG, peptidoglycan cell wall; OM, outer membrane.
Enteropathogenic Escherichia coli EtgA coordinated manner. For these reasons we constructed a bfpH etgA double mutant and analysed its secretion phenotype. The secretion profile was shown to be the same as that of the single etgA mutant strain (Fig. 7) , indicating that BfpH does not replace the function of EtgA. Therefore, our results support the hypothesis that the T3SS can assemble without the assistance of EtgA, rather than relying on the existence of a redundant protein. Nevertheless, although less probable, the possibility that there is another functionally redundant protein among other LT homologues in EPEC cannot be excluded.
Based on our findings and previous observations, a model for EtgA function can be suggested, as represented in Fig. 8 . EtgA is recognized by the Sec translocase and transported to the periplasm, where it interacts with components of the T3SS for a localized and controlled opening of the murein sacculus, allowing an efficient assembly of the injectisome. The knowledge of how EtgA acts at the molecular level will contribute to the understanding of the role of specialized LTs in transenvelope transport systems.
